Platinum thickness dependence of the inverse spin-Hall voltage from spin 
pumping in a hybrid YIG/Pt system 
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We show the first experimental observation of the platinum (Pt) thickness dependence in a hybrid YIG/Pt 
system of the inverse spin-Hall effect from spin pumping, over a large frequency range and for different rf 
powers. From the measurement of the dc voltage (AV) at the resonant condition and the resistance (R) of 
the Pt layer, a strong enhancement of the ratio AV/ R has been observed, which is not in agreement with 
previous studies on the NiFe/Pt system. The origin of this behaviour is still unclear and cannot be explained 
by the spin transport model that we have used. 
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Recently in the field of spintronics, spin transfer torque 
and spin pumping phenomena in a hybrid ferrimagnetic 
insulator (Yttrium Iron Garnet: YIG)/normal metal 
(Platinum: Pt) system have been demonstrated 1 . Since 
this observation, the actuation, detection and control of 
the magnetization and spin currents in such systems have 
attracted much attention from both theoretical and ex- 
perimental point of view. 

Spin pumping in a ferromagnetic (NiFe) /normal metal 
system has been intensively studied as a function of 
the stoichiometric ratio between nickel and iron atoms 2 , 
the spin current detector material 3 , and the ferromagnet 
dimensions 4,5 . Only a few research groups 6-8 have in- 
vestigated experimentally and theoretically the dc volt- 
age generation (induced by inverse spin-Hall effect) in a 
NiFc/Pt system as a function of the the thickness of the 
spin current detector and the ferromagnetic material, at a 
fixed microwave frequency. To date, no systematic stud- 
ies of the spin/charge current (charge/spin) conversion 
in a YIG/Pt system have been presented as a function of 
the Pt thickness. 

In this paper, we show the first experimental observa- 
tion of the Pt thickness dependence in a hybrid system 
YIG/Pt of the inverse spin-Hall effect (ISHE) from spin 
pumping, actuated at the resonant condition by using a 
microstrip line in reflection over a large frequency range 
and for different rf powers. 

The used insulating material consists of a single-crystal 
(111) Y3FC5O12 (YIG) film grown on a (111) Gd 3 Ga 5 0i 2 
(GGG) substrate by liquid-phase-cpitaxy (LPE). We 
have prepared nine samples with different thicknesses of 
Pt (1.5, 6.0, 9.0, 11.5, 16, 22.5, 33, 62, and 115 nm) 
deposited by dc sputtering. Fig.l a) shows a schematic 
of the samples. The Pt layer (800x1750 (im) has been 



patterned by electron beam lithography (EBL). Ti/Au 
electrodes of 30 /xm width and 100 nm thick have been 
grown on top of the Pt detector. The size of the YIG 
for each sample is 3000 x 1500 /im with a thickness of 200 
nm, which is very small for this kind of fabrication pro- 
cess (LPE). Fig.l b) shows the magnetic field dependence 
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FIG. 1. a) Schematics of the used sample for the inverse spin- 
Hall voltage detection. The magnetic field H is applied in the 
plane of the sample along ±x directions and H _L ft rf , where 
h T f is the microwave field applied by a microstrip. b) Mea- 
sured voltage (Vishe) as a function of the magnetic field (pos- 
itive and negative) at 1 GHz and 10 mW for a Pt thickness of 
11.5 nm. c) Magnetic field dependence of the dc voltage for 
different thicknesses of Pt, measured at 1 GHz and 10 mW. 

of the dc voltage in a YIG/Pt system with a Pt thick- 
ness of 11.5 nm for a rf power fixed at 10 mW at 1 GHz. 
At the resonant condition, -ffrcs, a spin current (j s ) is 
pumped into the Pt layer and converted in a dc voltage 
due to the ISHE. The reversal of the sign of Vishe, by 
reversing the magnetic field, shows that the signal is not 
produced by a possibly thcrmoelcctrical effect induced by 
the ferromagnetic resonance (FMR) absorption. Fig.l c) 
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presents the magnetic field dependence of the dc voltage 
for different thicknesses of Pt measured at 1 GHz and 10 
mW. As expected, the maximum value of the dc voltage, 
AV, is reduced by increasing the Pt thickness. No sig- 
nificant changes of the shape of the dc voltage spectrum 
have been observed (also not at 3 and 6 GHz). 

For each thickness of Pt, we have analysed the depen- 
dence of the dc voltage induced by the ISHE as a function 
of the microwave power [0.25-70 mW], the frequency [0.1- 
7 GHz] and the in-plane static magnetic field, H, at room 
temperature. 
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FIG. 2. a) Frequency dependence of the dc voltage, AV, at 
the resonant condition (see definition in Fig.l c)) measured at 
10 mW for a YIG/Pt system in which the Pt thickness is equal 
to 11.5 nm. The red dashed line corresponds to the theoretical 
expression extracted from Ref. 1 . b), c), and d) present the rf 
power dependence of AV at 1, 3, and 6 GHz, respectively, for 
different thicknesses of Pt. A strong non-linear behaviour has 
been observed at 1 GHz. 

The frequency dependence of AV measured at 10 mW 
for a Pt thickness of 11.5 nm is presented in Fig. 2 a). 
The theoretical expression (red dashed line) extracted 
from Ref. 1 cannot reproduce the measured AV at low fre- 
quency. In Ref. 1 , the frequency dependence is defined by 
the magnetization precession angle, which is proportional 
to the ratio of the rf microwave field and the lincwidth 



of the uniform mode. In other words, the spin current at 
the YIG/Pt interface is only defined by the damping pa- 
rameter, a, assuming that no spin waves are created 9-11 . 
The enhancement of AV at low frequency has been ob- 
served for the set of samples with different thicknesses of 
Pt. As reported previously in Ref. 9,12 ' 13 , this behaviour 
has been attributed to the presence of non-linear phe- 
nomena which are easily actuated for low rf power due 
to the very low damping of YIG. The dc voltage induced 
by spin pumping at the YIG/Pt interface is insensitive 
to the spin wave wavelength, which means that the mea- 
sured AV is not only defined by the uniform mode (long 
wavelength) but also from secondary spin wave modes 
which present short wavelengths. 

For each sample, we have extracted AV as a function 
of frequency and rf power. A summary of the rf power 
dependence of AV at 1, 3, and 6 GHz is presented in 
Fig. 2 b), c), and d), respectively. Each curve presents a 
different thickness of Pt, grown on top of the YIG sample. 
By decreasing the Pt thickness from 115 nm to 6 nm, we 
are able to detect dc voltages of 55, 21, and 9 yN at 1, 
3, and 6 GHz respectively, for a rf power of 63 mW. The 
strong enhancement of AV for the thin layer of Pt (a 
factor of 70 between 6.0 and 115 nm of Pt) permits also 
to perform measurements at low rf power, lower than 250 
fiW (not shown). 

In order to try to describe the Pt thickness dependence 
of AV, observed in Fig. 2 b), c), and d), we have derived 
the following expression. The general equation of the spin 
accumulation in the Pt layer is written as fi = a.e~ z / x + 
6.e z / A . From the boundary conditions, at z=0 nm and 
z=tpt, where ipt is the Pt thickness of the spin current 
detector, one can write: 
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(b) b = a- e~ 2tpt/x 



(1) 



(c) fi(z = 0) = mo = o(l + e- 2t ^' x ) 



where, A and fio correspond to the spin diffusion length of 
Pt and to the spin accumulation at the YIG/Pt interface, 
respectively. Therefore \x can be written as: 

Mo 
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(l + e -«ptA) 
The spin current, j s , is written as: 
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where a corresponds to electrical conductivity of the Pt 
layer. From the definition of the spin current at the in- 
terface jg at z=0, the spin conductance of the Pt can be 
expressed as: 
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ing conductance of the YIG/Pt interface. The spin cur- 
rent at the YIG/Pt interface is then given by the equa- 
tion: jg oc — !?EL. From the equation of the spatially 

9n + 9pt 

1 f tpt 

averaged spin current, given (j s ) = — • / js{z) dz, 

tpt Jo 

and the expression of the ISHE conversion of a spin cur- 
rent into a charge current, (j c ) = [^] 6sh ■ (js), the dc 
voltage can be expressed as: 
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where Qsh and L denote the spin-Hall angle and the 
length (along y) of the Pt layer, respectively. Therefore, 
by combining equation (4) and (5), the Pt thickness de- 
pendence can be written as: 
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Here we assume that the spin-Hall effect arises from 
extrinsic effects (scattering processes are dominant), 
and therefore ®sh should be independent of the Pt 
thickness 14 . 

Fig. 3 a) presents AV as a function of the Pt thick- 
ness, tp t , at 3 GHz, for different rf powers (1, 10, 20, 
and 50 mW). The general trend of AV is the same for 
the different rf powers and a maximum of AV between 
<pt=1.5 and ipt=6.0 nm has been observed (also at 1 and 
6 GHz). Concerning the spin diffusion length, many val- 
ues are reported, varying between 1.4 ±0.4 (Ref. 14 ) and 
10 ±2 nm 15 . In order to reproduce the strong dependence 
of AV for thinner layers of Pt, the best value obtained 
for the spin diffusion length of Pt has been found to be 
equal to A=3.0 ±0.5 nm, which is in good agreement with 
the value reported by A. Azevedo et al. . For this value 
of A, the spin conductance of the platinum, <?p t , varies 
between 4.15 10 13 and 6.2 10 u fi -1 m -2 at 1.5 and 11.5 
nm, respectively, gpt is constant for thicker layers of Pt, 
around 9.5 10 14 il _1 m -2 . The inset of Fig. 3 a) presents 
the experimental dependence of AV at 3 GHz and 10 mW 
as a function of the Pt thickness including the theoretical 
dependencies from Eq.(6) when is lower (solid line) 
and higher (dotted line) than gp t . As observed in the in- 
set of Fig. 3 a), the mixing conductance should be lower 
than gp t is order to reproduce partially the observed be- 
haviour. 

The electrical conductivity of the Pt layers (see Fig. 3 
b)) presents a strong Pt thickness dependence, a has 
been calculated from the measured resistance, R, and 
from the sample dimensions (the thickness of the Pt has 
been measured by Atomic Force Microscopy) . a increases 
from 1.1 lO^^m" 1 (at 1.5 nm) to 2.9 lO^^m" 1 (at 
33 nm). a presents a constant value between 33 to 115 
nm (-2.9 lO 6 !)" 1 !^ 1 ). O. Mosendz et al. 15 and B. 
Jungffcisch et al. 16 reported similar values of a for a Pt 




Eil 60 

> 40 
< 

20 




o 1 GHz c) 

o 3 GHz 
■ 6 GHz 

— g r io B n'V 

-g r 10 ,6 £2 I m 2 



20 



40 



60 

t [nml 

Pt L J 



80 



100 



120 



FIG. 3. a) Pt thickness dependence of AV measured at 3 
GHz. The rf power has been fixed at 1, 10, 20, and 50 mW. 
For each rf power, the dotted line shows the theoretical evo- 
lution of AV as a function of the Pt thickness, as given by 
Eq.(6).The inset shows the dependence of AV as a function 
of the Pt thickness. The dots correspond to the experimen- 
tal data at 3 GHz for a rf power of 10 mW. The solid line 
and the dotted line correspond to the theoretical dependen- 
cies from Eq.(6) of AV when g^i is lower and higher than gp t , 
respectively, b) The dependence of the electrical conductiv- 
ity, <r, of the normal metal is plotted as a function of the Pt 
thickness. The symbols A and V correspond to the magni- 
tude of a extracted from Ref. 15 and Ref. 16 , respectively, c) 
Pt thickness dependence of AV/R for different frequencies (1, 
3, and 6 GHz) and rf powers (1, 10, 20, and 50 mW). The 
black dashed line corresponds to the average of the experi- 
mental data. The solid line and the dotted line correspond 
to the theoretical dependence of AV/R when g-f± <C gpt and 
9n > 9Pt, respectively. 
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thickness of 15 and 10 nm, respectively, as shown in Fig. 3 
b). 

The most interesting feature of this study is presented 
in Fig. 3 c). This figure presents the dependence of AV/i? 
as a function of the Pt thickness for different frequencies 
(1, 3, and 6 GHz) and rf powers (1, 10, 20, and 50 mW). 
The trend of these curves does not follow the behaviour 
observed in a NiFe/Pt system 6 ' 7 . One would expect a 
constant value of AV/i? for a Pt thickness higher than 
the spin diffusion length. Contrary to Ref. 6 ' 7 , a maxi- 
mum around 10 nm followed by a strong decrease until 
20 nm of Pt has been observed. Values of AV/i? are con- 
stant between 33 and 115 nm and the difference between 
the constant value of AV/i? and the maximum is around 
70%. The solid line and the dotted line correspond to the 
theoretical dependence of AV/i? when g^i is lower and 
higher than gp t , respectively. Two points should be made 
regarding these dependencies. First, when g^ 3> gp t , 
the Pt thickness dependence of AV/i? presents, for small 
thicknesses, a quadratic evolution and therefore cannot 
reach the experimental values. Second, when g^ <C gp t , 
the linear dependence of AV/i? between and 10 nm 
of Pt permits to reproduce partially the experimental 
behaviour. This shows that g^ should be lower than 
<?pt, which is in agreement with results published by Y. 
Kajiwara et al. 1 . They have found that the mixing con- 
ductance at the YIG [1.3/im]/Pt [10 nm] interface is two 
orders of magnitude smaller than the computed value for 
a YIG/Ag system 17 . 

In conclusion, we have shown the first experimental 
observation of the Pt thickness dependence in a hybrid 
system YIG [200nm]/Pt [1.5-115nm] of the inverse spin- 
Hall effect (ISHE) from spin pumping, actuated at the 
resonant condition over a large frequency range and for 
different rf powers. A strong enhancement of the ratio 
AV/i? has been observed for several frequencies and rf 
powers, which is different from previous studies on the 
NiFe/Pt system. The observed dependence of AV/i? as 
a function of the Pt thickness in our system cannot be 
fully reproduced by our model. 
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